Frost Nucleation and Frost Growth on Hydrophobic and Hydrophilic Surfaces for Heat Exchangers Fin Structures by Cremaschi, Lorenzo et al.
Purdue University
Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference School of Mechanical Engineering
2018
Frost Nucleation and Frost Growth on
Hydrophobic and Hydrophilic Surfaces for Heat
Exchangers Fin Structures
Lorenzo Cremaschi
Auburn University, United States of America, lzc0047@auburn.edu
Ellyn Harges
Auburn University, United States of America, enh0015@tigermail.auburn.edu
Burak Adanur
Auburn University, United States of America, bma0006@tigermail.auburn.edu
Amy Strong
Auburn University, United States of America, aks0043@tigermail.auburn.edu
Follow this and additional works at: https://docs.lib.purdue.edu/iracc
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Cremaschi, Lorenzo; Harges, Ellyn; Adanur, Burak; and Strong, Amy, "Frost Nucleation and Frost Growth on Hydrophobic and




 2508, Page 1 
 
17th International Refrigeration and Air Conditioning Conference at Purdue, July 9-12, 2018 
 
Frost Nucleation and Frost Growth on Hydrophobic and Hydrophilic Surfaces for Heat 
Exchangers Fin Structures 
 
Lorenzo CREMASCHI1*, Ellyn HARGES1, Burak ADANUR1, Amy STRONG1 
 
1Auburn University, Department of Mechanical Engineering, 
Auburn, Alabama, United States 
Phone: (334) 844-3302 
Email: lzc0047@auburn.edu 
 





Frost formation decreases the energy efficiency of refrigeration and heat pump systems. This paper presents new 
experimental data of frost nucleation and frost growth on cold flat fin plates operating in frosting conditions and with 
air forced convective flow. The growth of droplets, their freezing time, and the subsequent frost growth were directly 
measured at various surface temperatures and heat fluxes. Mirror finished uncoated Aluminum surface, one 
hydrophobic, and one hydrophilic surfaces were investigated.  
 
Frost thickness data for the aluminum and hydrophilic surfaces were similar, while thickness for the hydrophobic 
surface was considerably higher. The surface energy characteristics affected the time and the initial thickness of the 
frost right when the droplets froze on the test plates. The total mass of frost at the end of the frosting period was 
similar for all the three surfaces. The time-dependent air-side convective heat transfer coefficients for the 





Frost formation decreases the energy efficiency of refrigeration and heat pump systems. Frost accretion is a transient 
phenomenon that includes variation of frost thickness, frost mass, frost temperature, heat flux (or heat transfer 
coefficient), and mass flux (or mass transfer coefficient). It is noteworthy to mention that frost thermal conductivity 
is also an important property that needs to be measured or estimated during frost growth. The challenge is that all 
these variables are time-dependent during the heat and mass transfer process, and they are fairly sensitive to air 
temperature, humidity, and velocity. They also depend on surface conditions and surface geometries.  
 
Methods of gathering frost thickness data include coupling a camera with a microscope (Cai et al., 2011, Huang et al., 
2010, Wang et al., 2012), using a camera with a zoom lens (Hoke et al., 2000, Cheng and Shiu, 2002, Hermes et al., 
2009, Leoni et al., 2017, Yoon et al., 2010, Janssen, 2013), using a micrometer (Lee et al., 2003, Lee et al., 1997, 
Sahin, 1994, Yang and Lee, 2004, Yun et al., 2002), and using a cathetometer (Sahin, 1994, Hayashi et al., 1977). 
Frost surface temperature is also an important variable and it was measured by using thermocouples on the frost layer 
(Hayashi et al., 1977, Brian et al., 1970) or with infrared thermometers (Hermes et al., 2009, Leoni, et al., 2017, Lee 
et al., 2003, Lee et al., 1997, Yang and Lee, 2004). The emissivity of frost were provided in Lee et al. (1997). Hoke 
et al. (2000), Janssen (2013), Lee et al. (2003), and Yang and Lee (2004) reported some heat flux data while Yang and 
Lee (2004) reported Nusselt numbers. Hoke et al. (2000) reports data for both the frost layer and for initial droplets, 
but the data were gathered in different experiments and at different test conditions, creating some inconsistencies.  
 
The present study measures droplet growth and freezing time as well as frost thickness during a frost nucleation and 
subsequent frost growth processes. The top and the leading edge of the test surfaces are recorded to provide the 
instantaneous measurements of droplet growth, droplets freezing time, as well as frost growth and frost layer thickness 
during each experiment. An in-situ calibrated noninvasive infrared thermal camera measured the frost surface 
temperature while the test apparatus measured the instantaneous heat flux and frost mass deposited on the surfaces.  
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2. EXPERIMENTAL METHODOLOGY 
 
The test set up consisted of a controlled low temperature air wind tunnel, which is schematically shown in Figure 1a. 
The tunnel was a closed loop duct system equipped with humidifiers, refrigeration coil, air flow straightens, electrical 
heater, and a centrifugal variable speed fan. Air was cooled by using large refrigeration coils that were connected to a 
low temperature chiller. A variable output electrical heater with a maximum capacity of 10 kW was used to tune the 
approaching dry bulb temperature, and a steam generator provided the desired humidity. A series of thermocouples, 
resistance temperature detectors (RTDs), pressure transducers, dew point meters, and an air flow nozzle were installed 
in the wind tunnel as indicated in Figure 1b. An aluminum plate was machined to dimensions of 25mm length (i.e., 
depth of the plate along the air flow direction) by 152 mm width and 6 mm thickness (1 in x 6 in. x 0.25 in). This plate 
is referred to as the “test plate” throughout this paper. The test plate was exposed to frosting conditions on its top 
surface. Air entered to the test plate at 5°C (41°F) dry bulb temperature. The dew point temperature was 2°C (35.5°F), 
which yielded an entering relative humidity of about 80% and an absolute humidity of 0.0043 kg-water/kg-air. The 
approaching air velocity was controlled by a constant speed fan and a valve as shown in Figure 1b. The air flow rate 
was constant at about 8.5 m3/h (5 cfm) for the entire phases of the frost nucleation and subsequent frost growth.  
                                 (a)               (b) 
 
Figure 1: (a) Air flow wind tunnel, and (b) location of main equipment and instrumentation in the wind tunnel.  
 
The test plate was an Aluminum rectangular bar of about 6 mm (0.25 in) thickness. The surface exposed to the air was 
polished to mirror finish and grooves were machined on the other side of the bar for embedding thermocouples. 
Thermal-electric cooling modules (TECMs) removed heat from the test plate and controlled the test plate surface 
temperature. A stainless steel block with a base spreader shaped as reverse T, was instrumented with embedded 
thermocouples and calibrated to measure the instantaneous heat flux to the test plate. The stainless steel heat flux 
meter was installed between the TECMs and the test plate, according to the methodology described in details in 
authors’ previous work (Cremaschi et al., 2012). Haque and Betz (2018) provided a detailed description of the coatings 
for the test plates. The first plate was uncoated Aluminum surface with mirror finish roughness and contact angle of 
θ ≈ 75°. The second plate had its top surface coated with hydrophobic (θ ≈ 110-116°) coating and the third plate had 
hydrophilic (θ ≈ 110-116°) coating. During the frosting experiments, the plate top surface temperature was at -15C 
(5F), the air was at 5Ԩ (41Ԭ) dry bulb temperature, and 80% R.H. Since the air flow rate was constant, the air 
velocity increased from 3.8 m/s (750 fpm) at the initial surface dry conditions, up to 19 m/s (3,740 fpm) for some 
tests with sever blockage of the free flow cross sectional area. The air flow in the channel located at the top of the 
plate was turbulent with Reynold number ranging from 6,000 up to 35,000 due to the frost accumulated on the plate. 
A HD CCD camera with a fiber optic extension probe was positioned at the front of the test plate. Frost thickness was 
obtained by scaling high resolution images and using a MATLAB image processing technique. The distance between 
the frost surface edge and fin edge was extracted from the images, and the accuracy of the frost thickness 
measurements was about ±7.6%. All tests were conducted with the test plate initially in dry conditions, which were 
defined as the conditions obtained after overnight exposure of the test plate to air circulating in the wind tunnel above 
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5°C (41°F). In a constant plate temperature test, a nitrogen displacement technique was used to limit the variation of 
the surface temperature during the first few minutes of the test. Nitrogen gas was metered through the test section 
before the test started. The dew point temperature reduced significantly and the thermoelectric cooling modules were 
energized without producing any water vapor condensation. When the test plate temperature was reached, the nitrogen 
gas flow was stopped, and the air was circulated on the top surface of the test plate. To maintain a constant flow rate 
a valve was adjusted by the operator within 1% tolerance of the desired flow rate. All of the measurements were taken 
using a National Instruments® data logging acquisition system and an in-house newly developed LabView® program 
sampled the data every 2 seconds, calculated derived quantities, plotted the data in real time, and controlled the test 
facility.  
 
The uncertainty of the volumetric air flow rate was estimated to be within 3%. The uncertainty on the frost thickness 
was determined to be within 7.6%, and the accuracy of the frost weight was ±0.3 g. These values included the nominal 
accuracy of the instrumentation and the error due to the repeatability and hysteresis of the sensors as well as due to 
the human operator, which were estimated through a series of in situ calibration tests. Because of the transient nature 
of the experiments and due to the complex geometry of the heat flux meter used in this study, the average heat balance 
between air side and conduction side heat transfer rates was 15%. Several frosting tests were repeated multiple times 
to verify that the experimental data were consistent and a summary of the resulting errors is given in Table 2. 
 






















(grid) In situ* -15°C (~5°F) ±0.04Ԩ (±0.07Ԭ) ±0.28Ԩ (±0.5Ԭ) 
Air Volume 
Flow Rate Flow Nozzle Manufacturer 




±0.09 m3/h  
(±0.05 cfm) 





0 to 250 Pa 
(0 to 1 in. H2O) 0.25% full scale (-) 
Frost Surface 
Temperature Infrared Camera In situ 
‐22Ԩ to 5Ԩ  
(-8Ԭ to 41Ԭ) ±2Ԩ (±3.6Ԭ) ±1.6Ԩ (±35Ԭ) 
Frost Mass High Precision Digital Scale Manufacturer 
0 to 5 g  
(0.011 lbm) 
±0.1 mg 








5 to 8 W 
(17 to 27.3 
Btu/hr) 
15% (-) 
*Temperature bath and temperature sensor with accuracy of ±0.05C (±0.1F) were used for in-site calibration. 
 
Real time videos of frost growth were taken by using the HD CCD camera. The videos were input into a multimedia 
processing software to create a series of jpeg images for every 10 seconds. A Matlab function flattened images using 
a checkerboard calibration pattern. Calibration curves of pixel per millimeter across the images were created and 
Matlab’s Fuzzy Logic Toolbox and provided the outline of the frost in each image, as shown in the example of Figure 
2. Once a binary image was generated, our Matlab code calculated the number of white pixels in each column and the 
instantaneous height of frost across the entire width of the observation window. An infrared camera measured the 
surface temperature and the frost temperature. The range of emissivity for all test plate surfaces was determined by 
calibrations and it was about 0.42. Emissivity values for snow (the closest approximation to the texture that we 
observed) ranged from about 0.8 to 0.85 (Siegel and Howell, 2002). 
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                                    (a)                                (b) 
Figure 2: (a) Flattened image from video scope, and (b) frost outline created from the actual image. 
 
In the present study, the emissivity values were adjusted between the 0.42 for the surfaces in dry conditions and 
increased linearly up to 0.82 for the droplets condensation and during early frost growth stages. The infrared camera 
also measured the diameter of the droplets that condensed and then froze on the test plate, i.e., measured the average 
diameter of the ice beads. Figure 3 summarizes an example, and the smallest droplets that could be individually 
distinguished from each other had diameter of 110 to 120 μm. The individual ice beads are circled in white and a 
binary image provided the actual shapes and sizes of the ice beads immediately after freezing took place. 
 
                                                   (a)              (b) 
Figure 3: Droplet size (a) and (b) actual ice bead shapes and sizes immediately after freezing. 
 
The frost mass calculated by using Equation (1) and the frost density was calculated by using Equations (2) – (4). 
 
݉௙ ൌ෍ ሶ݉ ௔ ሺ߱௜௡ െ ߱௢௨௧ሻݐ௦௧௘௣ (1) 
ߩ௙ ൌ ݉௙ܸ݋݈௙,௔௩௚ (2) 
ܸ݋݈௙,௔௩௚ ൌ 12ܣ௦ ൤2ߜ௙ െ
1
2 ܮሺtanߙ௠௔௫ ൅ tanߙ௠௜௡ሻ൨ (3) 
ߙ௠௜௡ ൌ 0; ߙ௠௔௫ ൌ tanିଵ ቆߜ௙ܮ ቇ (4) 
The volume of frost was calculated assuming the frost profile along the depth of the plate, i.e., in the direction of the 
air flow, was linearly decreasing with angle α, which was taken as average between maximum and minimum possible 
angles observed in the experiments. The heat flux through the test plate was measured with the flux meter, as follows: 
 
ݍ௧௘௘ᇱᇱ ൌ ∆ ௧ܶ௘௘ܴ௧௘௘  (5) 
ܴ௧௘௘ ൌ ܮ௧௘௘݇௦௧௘௘௟ (6) 
 
Using an average value of the contact resistance between the heat flux meter and the test plates, which was derived 
from calibration tests, the temperature of the top surface of the test plates and the air-side heat transfer coefficients 
were obtained by using Equations (7) – (10). 
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௦ܶ ൌ ܴ௖ݍ௧௘௘ᇱᇱ ൅ ௧ܶ௘௘,௕௢௧௧௢௠ (7) 
ܴ௖ ൌ ∆ ௧ܶ௘௘ ൅ ∆ ௦ܶݍ௥௘௦௜௦௧௢௥ᇱᇱ  (8) 
ݍ௥௘௦௜௦௧௢௥ᇱᇱ ൌ ܸ
ଶܴ
ܣ௦  (9) 
݄ ൌ ݍ௔௜௥
ᇱᇱ
൫ ௔ܶ,௜௡ െ ௙ܶ௦൯ (10) 
 
3. TEST RESULTS 
 
3.1 Frost Characteristics during Tests with Small Variations of the Top Surface Temperature 
Figure 4 presents frost thickness at the leading edge of the test plate as a function of time for all three surfaces 
(aluminum, hydrophobic, and hydrophilic) during the nitrogen displacement tests. The frost thickness were normalized 
with respect to the channel height of 4 mm. The graph in the bottom right corner of the figure presents a zoomed-out 
image of the first four minutes of the tests. The thickness trends for the aluminum and hydrophilic surfaces were 
similar, while thickness for the hydrophobic surface was considerably higher. It was observed that there was a rapid 
increase of frost thickness during the first four minutes of frosting. Then, the frost thickness increased slowly and with 
almost constant slope for the remaining of the frosting period. The surface characteristics affected the time and the 
initial thickness of the frost after the droplets froze on the test plate. This was also the starting point for the frost growth 
phase. Thus, the hydrophobic surface provided a higher offset for the frost thickness at about 3 minutes and higher 
slope. Figure 5 depicts average frost density as a function of time for all three surfaces during the nitrogen displacement 
tests. The density for the aluminum surface was the largest and that for the hydrophobic surface was the smallest. The 
error bar in the figure accounts for ± 25 % sensitivity variation of the frost volume to the assumed linear frost profile. 
Total frost mass deposited as a function of time for each surface during the nitrogen displacement tests is given in 
Figure 6 and it was observed that the amounts of mass collected at the end of the tests were basically the same for all 
three surfaces investigated. Figure 7 shows the frost surface temperature as a function of time for each surface during 
the nitrogen displacement tests. The frost surface temperatures for all three surfaces were very similar until about forty 
minutes into the tests. At this point, the temperature dipped for the hydrophobic surface, but then began to climb again 
at the very end of the test. This dip in surface temperature was likely due to melting and refreezing of the very top of 
the frost layer. As the frost melts, the liquid water seeped into the frost layer and refroze, providing higher density and 
thermal conductivity of the frost layer. This resulted in higher heat conduction and a lower temperature at the frost 
surface. Then, as frost started to grow on the top surface again, the temperature began to increase again.  
 
 Figure 4: Frost thickness vs. time for all three surfaces during the nitrogen displacement tests.                              
(ݍത௔௜௥ᇱᇱ  = 1300-1500 W/m2, തܶ௦ = -15 °C, ௔ܶ,௜௡ = 5°C, Humidity inlet at 80 % R.H., ሶܸ௔ = 8.5 m3/h) 
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 Figure 5: Frost density vs. time for all three surfaces during the nitrogen displacement tests.                                 
(ݍത௔௜௥ᇱᇱ  = 1300-1500 W/m2, തܶ௦ = -15 °C, ௔ܶ,௜௡ = 5°C, Humidity inlet at 80 % R.H., ሶܸ௔ = 8.5 m3/h)  
 
 Figure 6: Frost mass vs. time for all three surfaces during the nitrogen displacement tests. (ݍത௔௜௥ᇱᇱ  = 1300-1500 W/m2, തܶ௦ = -15 °C, ௔ܶ,௜௡ = 5°C, Humidity inlet at 80 % R.H., ሶܸ௔ = 8.5 m3/h) 
 
 
Figure 8 presents the air-side heat transfer coefficient for each surface during the nitrogen displacement tests. The data 
were normalized with respect h0 = 120 W/m2-K measured during steady-state wet tests. It should be noted that a 
theoretical dry heat transfer coefficient estimated for convection heat transfer correlations for external flows of a flat 
plate at constant temperature resulted in values anywhere from 30 and 140 W/m2-K, depending on the local air velocity 
and temperatures. During frost accretion, the heat transfer coefficients increased with time because the air flow was 
constant and, as frost built up, it reduced the free flow area. Thus, the local air velocity immediately at the top of the 
surface increased significantly. The heat transfer coefficients for the hydrophobic and hydrophilic surfaces were very 
similar, while that for the aluminum surface was lower. After about forty minutes of frost growth, the heat transfer 
coefficients for all three surfaces converged to closer range and within the experimental uncertainty of the data. 
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 Figure 7: Frost surface temperature vs. time for all three surfaces during the nitrogen displacement tests.             
(ݍത௔௜௥ᇱᇱ  = 1300-1500 W/m2, തܶ௦ = -15 °C, ௔ܶ,௜௡ = 5°C, Humidity inlet at 80 % R.H., ሶܸ௔ = 8.5 m3/h).  
 Figure 8: Normalized air-side heat transfer coefficient for all three surfaces during the nitrogen displacement tests. 
(ݍത௔௜௥ᇱᇱ  = 1300-1500 W/m2, തܶ௦ = -15 °C, ௔ܶ,௜௡ = 5°C, Humidity inlet at 80 % R.H., ሶܸ௔ = 8.5 m3/h)  
3.2 Frost Characteristics during Surface Temperature Pull-Down Tests 
Table 2 presents the radius of the ice beads, the freezing time, the freezing duration, and the period it took for the frost 
thickness to block the cross sectional area of the channel until the pressure drop across in the air flow above the test 
plate reached 87 Pa (0.35 in H2O) during the pull-down tests, in which the surface temperature of the test plate 
decreased from initial temperature of 5C and in thermal equilibrium with the air, down to -15C. In here, the freezing 
time was defined as the time elapsed between the turning on of the thermoelectric modules and the midpoint of the 
droplet freezing process. The freezing duration was defined as the number of seconds it took for all the droplets in the 
viewing window to appear frozen. After freezing, the droplets on the aluminum surface were the largest and those on 
the hydrophilic surface were the smallest. Additionally, the freezing time for the aluminum surface was the longest 
for all the three surface while the hydrophilic surface froze very quickly. This indicated that the radius of the frozen 
droplets was highly dependent on the freezing time, which was in turn dependent on the type of surface coating. Even 
though droplets on hydrophilic surfaces were flatter and more “spread out”, the frozen droplets were smaller than for 
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the other surfaces because ice nucleation occurred quickly, leaving less time for disc-like shaped water droplets to 
continue to grow in the radial and vertical directions before freezing. On the contrary, the freezing duration was very 
high for the hydrophobic surface because of the large mass and volume of the droplets on this surface before they 
turned into ice beads. The hydrophobic surface also quickly blocked the air flow with respect to the hydrophilic and 
uncoated aluminum type surfaces. 
 
Table 2: Frost variables during the pull-down tests for the three surfaces (air at 5 °C and 78-80 % R.H., 8.5 m3/h) 
 





Time until                
Δp = 0.35 in. w.c. (min) 
Aluminum 
(θ ≈ 75°) 0.174 1057 64 64.6 
Hydrophobic 
(θ = 110-116°) 0.139 772 132 44.5 
Hydrophilic 
(θ = 19-29°) 0.0985 696 52 56.8 
 
Figure 9 presents frost thickness vs. time for all three surfaces during the pull-down tests. 11a gives thickness data for 
the entire test, while 11b zooms out on the first ten minutes of actual frost growth. Also presented in 11b is the point 
at which the droplets froze on each surface; the points to the left of each vertical line represent the average heights of 
the liquid droplets, while the points to the right represent the average height of the frost layer. There are no point to 
the left of the freezing line for the hydrophilic surface because everything was frozen by the time there was great 
enough thickness to obtain an accurate measurement from the image analysis. Through most of the test, the 
hydrophobic surface had the greatest frost thickness, though the hydrophilic surface caught up with it near the end. 
The aluminum surface had the smallest frost thickness for all except the first few minutes of frosting. These trends 
were similar to those of the nitrogen displacement tests except that the thickness trend of the hydrophilic surface more 
closely matched that of the hydrophobic surface rather than the aluminum surface. 
Figure 10 depicts frost density vs. time for all three surfaces during the pull-down tests. The densities of all three 
surfaces were similar. Frost density was initially large, then decreased quickly, after which it increased slowly 
throughout the remainder of the test. The initial high density was due to the fact that droplets grew for some time 
before they froze. These liquid droplets were more dense and compact than typical porous solid frost, leading to large 
masses but associated small volumes (i.e., large initial densities). As frost crystals developed on the frozen ice beads, 
they contributed to decrease the average frost density. This effect continued until minimum values of density were 
observed. Then the frost behaved as solid that growth and become less and less porous in time. In these type of tests, 
the uncoated aluminum surface had the smallest frost thickness and the longest freezing time. This particular surface, 
which should be reminded in here again was mirror finished, delayed the air flow blockage due to frost growth.  
 
                              (a)        (b) 
 
Figure 9: Frost thickness vs. time for all three surfaces during the pull-down tests. (a) Frost thickness during entire 
test, (b) frost thickness during the earliest stages of frosting (air at 5 °C and 78-80 % R.H., 8.5 m3/h).  
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This paper presented new experimental data of frost nucleation and frost growth on cold flat fin plates operating in 
frosting conditions and with air forced convective flow. Uncoated mirror finished Aluminum surface with contact 
angle of θ ≈ 75°, hydrophobic (θ ≈ 110-116°) and hydrophilic (θ ≈ 110-116°) surfaces were investigated at surface 
temperature of -15C (5F). The air stream was at 5Ԩ (41Ԭ) dry bulb temperature and 80% R.H relative humidity. 
 
Frost thickness data for the aluminum and hydrophilic surfaces were similar, while thickness for the hydrophobic 
surface was considerably higher. The surface energy characteristics affected the time and the initial thickness of the 
frost right when the droplets froze on the test plates. This was also the starting point for the frost growth phase. In 
surface temperature pull down tests, frost density was initially large due droplets remaining in the liquid phase for 
long periods and the uncoated aluminum mirror finished surface had the smallest frost thickness and the longest 
freezing time. The time-dependent air-side heat transfer coefficients were measured. Hydrophobic and hydrophilic 
surfaces had similar heat transfer coefficient, while that for the aluminum surface was lower. 
 
NOMENCLATURE 
ܣ௦ surface area of the test plate     (m2)  ݄ enthalpy, heat transfer coefficient (kJ/kg, W/m2-K)   
݇௦௧௘௘௟ thermal conductivity of steel  (W/m-K) ܮ length     (m)  
݉ mass  (kg)   
ሶ݉  mass flow rate  (kg/s) 
ݍᇱᇱ heat flux     (W/m2)  
ܴ resistance  (m2-K/W)   
ܴ௖ equivalent contact resistance  (m2-K/W) ܶ temperature  (K) 
ݐ௦௧௘௣ time step     (s)  
ܸ voltage, velocity  (volts, m/s)   
ሶܸ  volume flow rate  (m3/h) 
ܸ݋݈ volume  (m3) 
ߜ thickness     (m)  
ߩ density  (kg/m3)   
߱ absolute humidity ratio  (kgwater vapor/kgdry air) 
Subscript   
a, air 
f frost 
fs  frost surface 
in inlet of the test section 
out outlet of the test section 
s test plate surface  
tee T-block flux meter 
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